We have interpreted an integrated vertical incidence to wide-angle seismic data set to develop a consistent migrated seismic reflection image and seismic velocity model of the Brooks Range fold and thrust belt in north central Alaska. The common midpoint (C.MP) reflection data image the principal structures comprising the Brooks Range: the Endicott Mountains allochthon (EMA), the crustal scale Doonerak duplex, the master detachment, a 1.0-1.5 s thick zone of lower crustal reflectivity just above the crust-mantle boundary, and a complex crustal root. The master detachment separates the crust into units which have been uplifted and deformed in the fold and thrust belt from those which have not. Least squares inversion of both reflection and refraction travel time data produced a velocity model consistent with the CMP image of the Brooks Range as well as with the Bouguer gravity data. The different layers comprising the seismic velocity model correlate well with the principal structural elements identified in the seismic reflection data, and seismic velocities in the model compare favorably to petrophysical data from Brooks Range rock samples. Maximum crustal thickness in the Brooks Range is 49 km, at an asymmetric root located under the EMA. At the root we observe an offset in the lower crustal reflectivity and two deep zones of reflections north of the root. We interpret these as a Moho offset of some 5 km near the range front, which in our favored interpretation resulted from subduction of the Brooks Range lower crust northward beneath the North Slope. A mantle reflective zone which we interpret as the subducted lower crust can be traced to depths as great as 65 km. Above this zone at considerably shallower depth is the original North Slope Moho. Proximity of the continental subduction zone to the crustal scale Doonerak duplex suggests that the development of the fold and thrust belt has been at least partially controlled by the lower crust/mantle subduction.
Introduction
In the last decade the Trans-Alaska Lithospheric Investigation Program (TALI) has acquired detailed geological and seismic data along a 1400 km long conidor crossing Alaska called the Trans-Alaska Crustal Transect (TACT [See Stone et at., 1986] ). The TACT conidor extends along the Trans-Alaska pipeline from the Gulf of Alaska through the various allochthonous terranes comprising southern, central, and northern Alaska, including the Brooks Range and assqciated terranes in northern Alaska. The transect ends on the North Slope over what is believed to be the proto-North American craton (Figure 1 ). TACT is unique in that it extends from an active convergent margin where the Pacific plate is subducting beneath southern Alaska to a rifted passive margin forming the northern edge of the North American craton at the Arctic Ocean.
In this paper we describe the interpretation of the vertical incidence to wide-aperture seismic profile crossing the Brooks Range fold and thrust belt, as well as the Ruby terrane and the Yukon-Koyukuk basin to the south and the Colville basin and North Slope to the north (Figure 1 ): Preliminary interpretations of the seismic reflection and wideaperture data including balanced and partially balanced cross sections have been reported previously [Levander et at., 1994; Fuis et aI., 1995; Wissinger, 1995] . A series of detailed balanced cross sections have been derived from the reflection data [Wissinger, 1995; Wissinger et at., 1997] . Here we review the principal seismic findings already published and preseni a new seismic velocity model and gravity models for the Brooks Range. The seismic velocity model is compared to laboratory measured velocities made on Brooks Range rocks. We also present and interpret new common midpoint (CMP) reflection data showing upper mantle vertical-incidence reflections beneath the northern Brooks Range and Colville basin. 
Geologic Overview and Previous Seismic Results
The Brooks Range, one of the northernmost elements of the North American Cordillera, is a Jurassic-Recent aCTed o , east-west trending, north vergent fold and thrust belt located in north central Alaska (Figure 1 ). An excellent review of the development of the fold and thrust belt is given by Blythe et at., [1996] which we summarize here. In the Jurassic, the southern edge of the Alaskan North American craton was a passive continental margin. In the Late Jurassic (prior to 160 Ma) through Early Cretaceous this passive margin was shortened by collision with an island arc, forming the Brooks Range and its corresponding foredeep, the Colville basin. Remnants of this island arc, which were accreted to the southern Alaska margin by 130-100 Ma, are now found in the Yukon-Koyukuk basin on the southern flank of the Brooks Range. The southern part of the range experienced variable and debated amounts of extension in the period 130-90 Ma [GottschalkandOldow, 1988; Miller and Hudson, 1991; Till et at., 1993] . In our study area, along the TACT transect, extension appears to be relatively minor. Significant elements of the Brooks Range were again shortened in the Tertiary between 60 Ma and 25 Ma, possibly resulting from lowangle subduction of the Kula plate along the north dipping southern Alaska subduction zone.
.
The Brooks Range is largely composed of deformed passIve margin sediments of mid-Paleozoic age that have been overthrust by ophiolitic rocks of the Angayucham terrane, during the collision of the Koyukuk arc [Mull, ] 982 ]. Metamorphic grade increases from north to south from relatively undeformed rocks in the Colvil1e basin and foreland to. greenschist and higher facies in the schist belt located in the southern part of the range. The assemblages of the Brooks Range and North Slope are subdivided into a number of major thrust-bounded terranes and subterranes based on similarities in structure, stratigraphy, and/or metamorphism (Figure ] ). Different nomenclatures are in use to describe these terranes, one by a number of researchers including Jones et al. [1987] and Moore et al. [1994] and one by Oldow et at. [1987] . The latter is more in keeping with traditional concepts developed for fold and thrust belts, whereas the former is more in keeping with the terrane accretion concepts developed for western North America, with the result that some differences exist in the intent of the definitions. We summarize the nomenclatures in Table 1 . Here we describe the rock units crossed by our seismic line from north to south. The Skajit allochthon [Oldow et at., 1987] or Hammond subterrane (Moore and Mull, 1989 ] is a structurally complex assemblage of metamorphosed Cambrian-Devonian clastics and carbonates. (5) The schist belt (Oldow et at., 1987] or Coldfoot subterrane (Moore et at., 1992] is a highly deformed quartz-mica schist which has undergone greenschist, amphibolite, and blueschist facies metamorphism (Gottschalk, 1987J. (6) The Rosie Creek allochthon (Oldow et at., 1987] or Slate Creek subterrane (Moore et at., 1992] is a low grade metamorphic assemblage composed of Cambrian-Silurian clastic and carbonate rocks. (7) The southernmost terrane of the Brooks Range proper in our study area is theAngayucham terrane, obducted Devonian to mid-Jurassic ophiolitic rocks. South of the Brooks Range are (8) the Yukon-Koyukuk basin, a triangular lowland containing a structural high of volcanic rocks flanked by 5-8 km of mid-Cretaceous-Recent terrigenous sediments (Box and Patton, 1985] , and (9) the Ruby terrane, a linear uplift trending diagonally across central Alaska composed of Paleozoic continental and island arc rocks and Cretaceous plutons.
The seismic reflection data from the Brooks RanCTe suro vey have provided a link between surface mapping and the structure of the upper and middle crust, through identification of major crustal units and detachment faults which permitted reconstructions of the development of the fold and thrust belt ( Figure 2 ) [Levander et at., 1994; Fuis et al., 1995; Wissinger, 1995; Blythe et at., 1996; Wissinger et at., 1997] .
We reference the seismic reflection data and the velocity model (described in the next two sections) to model coordinates, denoted by KM, with 0 KM at the Arctic Circle. The preservation of stratigraphy and the manner and degree of deformation strongly affect seismic reflection character. Where stratigraphy is well preserved and rocks deformed by brittle failure and folding, such as in the EMA and the Doonerak duplex (180-295 KM), the seismic reflection section contains long bright, continuous reflections. In contrast, where no recognizable stratigraphy exists and the rocks appear to be ductilely deformed, as in the schist belt (Gottschalk, 1990] , seismic reflections are short, weak, and chaotic . This is likely a result of multiscaled fabrics and seismic velocity and lithologic heterogeneity (see Levander et at., 1994] . In the seismic reflection data, we have interpreted the bottom of a continuous series of reflections in the crust as the basal decollement at upper/midcrustal depths in the northernmost range (-12 km) which deepens to lowercrustal depths (-28 km) beneath the schist belt (170-295 KM, Figure 2 ; see also Figure 2 of Levander et aI. [1994] . Our interpretation of the seismic reflection packages above the decollement suggests that the northern Brooks Range has formed from the emplacement of relatively thin thrust sheets above this detachment (Wissinger, 1995] . These thrust sheets are generally thinner in the northern than in the southern part of the range, nowhere exceeding 10 km, and have aspect ratios greater than 3 (horizonta1/vertical). Oldow et at. [1987] ; terranes and subterranes from Jones et ai. [1987] and Moore et at. [1994] ; and geologicprovincesfrom Till et at. [1988] and Moore et at. [1994] .
An important seismic observation is the 1.0 to 1.5 s thick complex zone of reflections in the lower crust beneath most of the Brooks Range (from 130 to 265 KM), the base of which we interpret to be the Moho (Figure 2 ), this has been confirmed by analysis of the wide-angle seismic data described below. We also observe an apparent offset in these reflections from the Moho of 2.0 s (-6-10 km) beneath the EMA near the northern range front (275 KM). To the north (275-295 KM), the lower crustal reflections are -3.0 s thick. Here also we interpret the base of the reflectivity as the Moho. The reflection section shows an asymmetric crustal root near the northern range front beneath the EMA.
Estimates of shortening across the entire range from balanced cross sections using the 1990 reflection data are 500 to 600 km, if one includes the metamorphic belts in the southern Brooks Range in the reconstructions (Plate 1) [see Wissinger, 1995; Wissinger et ai., 1997] 
Seismic Data
The 1990 seismic experiment was designed to obtain both a reflection image and a crustal velocity profile from the surface to the base of the crust [Murphy et ai., 1993; Levander et at., 1994; Fuis et at., 1995] . Details of the processing of the seismic reflection data are given elsewhere [Levander et aI., 1994; Wissinger, 1995] . Here we schematically describe the seismic reflection data processing and the interplay between the reflection processing and the travel time velocity inversion. We first produced a brute stack near-vertical reflection image, and a seismic velocity model from inversion of Pg travel times. We next used the preliminary velocity model to restack the seismic data to form a clearer image of the principal structures of the range, and to construct line drawing depth migrations (Plate 1) [Raynaud, 1988; Holliger and Kissling, 1991] . The most prominent reflections we interpret as likely seismic velocity boundaries, which we use as a priori information for assigning boundaries in the travel time inversion for the entire crust ( Figure 4a ). The final velocity model was then used to remigrate the seismic reflectiondata. The data set has been used in a consistent manner to develop a unified reflection image and seismic velocity model. We note that the reflection and refraction images provide complementary pictures of the crust: The reflection image is a high-frequency backscatter image of impedance contrasts in the crust, whereas the velocity model is a smoother image derived from transmitted and reflected energy.
We have used travel times from Pg, PmP, and Pn phases and reflection travel times from numerous intracrustal nearvertical and wide-angle reflections from 42 shot records to develop the velocity model. The field data were densely recorded in five overlapping and abutting deployments of 700 vertical component seismic channels, with channels nominally spaced at 100 m. A number of shot points were fired into more than one deployment, forming continuous shot records with offsets as great as 212 km (Figure 3a-3d) . Most of the long offset shot records show strong PmP reflections that can be traced with confidence from near vertical incidence to large offsets, thus spanning the precritical and postcritical ranges (Figure 3a-3d) . Two of the shots produced clear Pn arrivals at offsets greater than 150 km. Many more travel times are available for each phase than were used in the inversions. We identified no intracrustal refraction events other than Pg.
Determining the across strike crustal velocity structure of the fold and thrust belt using ray tracing can be difficult due to rapid vertical and lateral spatial velocity variation. The a priori data provided by the migrated CMP section provided interface control points to stabilize the inversion across the structurally complex folded belt. We used the two-dimensional ray-based method of Zeit and Smith [1992] to invert the travel time picks. Inversion of the data was performed layer by layer from top to bottom, simultaneously
incorporating both reflection and refraction travel times. During each inversion iteration, both the values of velocity and depth nodes were allowed to vary. We emphasize that we included reflection travel times from all major intracrustal boundaries in the seismic velocity inversion (Figures 4a and  4b , Plate 2). The underlying assumption in the velocity model we have developed is that the principal structural elements of the range identified by prominent reflections are also layer boundaries of the seismic velocity model.
Velocity _Model and Interpretation
The eight-layer velocity model derived from the travel time inversion is shown in Figures 4a and 4b . A plot of the velocity and depth node parameterization is given in Figure  4b . The model was parameterized with two velocity and depth nodes per shot point interval in the shallowest layers, with the number of nodes decreasing with depth. Velocity model res?lution is described in the appendix. The seismic boundariesidentifiedutilizingtheseismic reflectiondata are the tops of layers 2, 3,4, 5, 6, 7, and 8 as shown in Figures  4a and 5 .
The ray diagrams and travel time fits used in the inversion for seismic velocities and boundary depths are shown in Figures 5a-5i. Velocity depth profiles at a number of locations in the velocity model are compared to laboratory measurements of seismic velocity made on Brooks Range rock samples in Figure 6 . The rock physics data used in this paper are summarized in Table 2 . Several of the layers represent more than one terrane and have large lateral variations in velocity. Some layers are continuous across terrane boundaries as a consequence of the model parameterization in which a minimal number of layers are used to represent the velocity structure. This is an inherent problem with using raybased methods to model wave propagation in complex structures. All lithotectonic assemblages exposed at the surface have other assemblages beneath them, expected from the stacking of thrust sheets during formation of the fold and thrust belt. Velocity depth functions are interpreted in terms of petrophysical measurements made in lithologies from the different terranes.
In the crust above layer 6, approximately 4300 Pg travel times from 42 shot gathers were inverted for seismic velocity to depths of at most 15 km. Turning rays penetrated layers 1,2,3, and 5 (Figures 5a and 5b ), but not layer 4 at the south end of the study area, nor layer 6. Following inversion for first arrivals, reflection times were inverted with refraction times to fix the velocity model boundaries corresponding to the tops of layers 2-6 (Figures 5c-5f ). Pg phases were weighted more heavily (:t50 ms) than shallow to intermediate crustal reflections (:t150 ms) In addition to the turning rays and reflections, in several layers we also observe numerous internal reflections too complicated to model as many individual layers. Reflections internal to a layer were inverted as "floating reflectors." Floating reflectors are ray theoretically positioned within the layer following the inversion for velocity [Zeit and Forsythe, 1994] and provide a means of modeling reflections which result from local impedance contrasts rather than bulk velocity -contrasts without increasing the number of velocity layers in the model. In layer 5 we have modeled 10 floating reflectors as "ramp and flat" structures (Figures 4a and 5g) . Similarly, we have modeled the top of the reflective zone above the Moho and one reflection from beneath the Moho, as floating reflectors, as shown in Figures 4a and 5i.
Interpretation
As in previous interpretations of the seismic reflection data [Levander et at., 1994; Fuis et al., 1995; Wissinger, 1995] , we interpret a number of the prominent reflections in the CMF section as directly associated with boundaries of lithotectonic assemblages. These reflection events correspond to the reflection travel times we have used to position layer boundaries in the seismic velocity model (Figure 4a ). Specifically, we interpret (1) the base ofIayer 2 from 238 to 310 KM as the base of the EMA, (2) the top ofIayer 5 as the top of the Doonerak duplex, and (3) the top of layer 6 as the location of a basal decollement (Figure 4a ). The detachment is poorly imaged beneath the schist belt, likely resulting from the small velocity contrast between the rocks of layers 5 and 6 in the southern part of the range. Further, from both the near-vertical and the wide-angle PmP reflection data, we interpret the bottom of layer 6 as the Moho (Figures 2 and 3a-3d) . A 1.0-1.5 s zone of high reflectivity is apparent in the lowermost crust south of the crustal root at 265 KM, whereas north of 265 KM the -lower crustal reflectivity is 3.0 s thick. We discuss the velocity structure layer by layer from the shallow crust to the upper mantle.
Colville Basin
Layer 1, the shallowest layer, corresponds to the sediments of the Colville basin, the alluvial and glacial deposits 
Endicott Mountains Allochthon
In the Brooks Range proper (EMA, Doonerak region and metamorphic terranes) layer 1 is substantially thinner (1.0-1.5 krn thick) than in the flanking basins, with an average velocity of 4.85 :to.05 kmls. Velocities in this layer agree well with the refraction velocities observed in short-offset (625-725 m) noise spreads shot during the 1988 pilot experiment. We attribute these velocities to refractions in the permafrost layer and the sha11owmost crust [Lafond et al., 1988] .
. The EMA is represented by layer 2 north of the Doonerak region (300 KM to 240 KM). Despite being a complexly deformed thrust package, the EMA is well defined in both the reflection image and the travel time inversion. We interpret the bottom of the layer as the base of a subhorizontal zone of reflectivity that extends from 260 KM to 300 KM (Figures 2 and 4) . Velocities of 5.60 to 5.80 :to. OSkmls are measured in the EMA and compare extremely wen to laboratory measurements of EMA rocks (Figure 6b ). Beneath the EMA, layer 3 occupies the region between the EMA and the basal decol1ement. Reflection travel times from 12 shot records were used to define the base of this layer (Figures 4a and 5e). Seismic velocity in layer 3 is both laterally and vertically variable and ranges from 5.83 to 6.30 kmls (Figures 4 and 6) . The ray diagrams show that the sub-EMA layer is well sampled by turning rays from four shots. Rocks in this region have been hypothesized to be Cretaceous foredeep sediments incorporated along the range front during orogenesis [Oldow et al., 1987, Wissinger; 1995] , basement-cored anticlinoria associated with Cenozoic compression [Wallace and Hanks, 1990 , Fuis et al., 1995 , Wissinger, 1995 , or deeper imbricates of EMA rocks [Blythe et al., 1996] . The rock physics data suggest that autochthonous North Slope sedimentary rock velocities are somewhat too low, EMA velocities are slightly too low, and Doonerak lithology velocities are somewhat too high compared to the observed velocities. Therefore layer 3 could consist of (1) only high-velocity Brookian sedimentary rocks, (2) Brookian (post-Jurassic) sedimentary rocks which have been substantially metamorphosed, (3) a mix of post-Devonian sedimentary rocks and basement rocks, both involved in shortening, 'or (4) additional EMA rocks. Hypotheses 1 and 2 seem unlikely: The first would be coincidental unless unusually large amounts of carbonates comprise most of layer 3. The second is unlikely as rocks at similar depth in the Colville basin have substantially lower velocities in our seismic velocity model (a maximum of 5.57 :to.20 kmls from 320 KM to 400 KM). Basement velocities beneath the Colville basin and subdecollement velocities are substantially higher (6.40-6.50 km/s) than in the sub-fu\1A rocks (5.99-6.12 kmls), suggesting that layer 3 is unlikely to be composed solely of base- 
Doonerak Duplex
The Doonerak window is a basement exposure some 20 km west of the seismic line. Along the seismic profile the top of the Doonerak duplex, corresponding to the along strike projection of the Doonerak window, is overlain by EMA rocks to depths of 4.8 km (Figure 6c) . In the velocity model, layer 2 represents the EMA, and layer 5 is composed only of rocks internal to the Doonerak duplex (110 KM to 263 KM). Velocities in layer 5 range from 6.37 to 6.56 IO.20 km/s and are only slightly lower than velocities observed deeper~n the crust (Figures 4 and 6 ). The base of layer 5 was constrained by reflections from eight shots. We interpret the bottom of layer 5 as the basal decollement surface. This layer deepens from 19 km depth at 260 KM to 28 km depth at 110 KM (Figure 5f ). Laboratory velocities in phyllite and greenstone from the Doonerak window show velocities from 6.05 to 6.20 and 6.74 to 6.92 km/s in the appropriate depth ranges. The average of these velocities agrees well with the seismic observations (Figure 6c) .
Three shots illuminated a single 10 km long south dipping floating reflector which we have interpreted as being the subsurface expression of a thrust fault mapped in the Doonerak window (Plates 1 and 2, and Figure 5g ).
Skajit Allochthon and Schist Belt
In the central and southern Brooks Range, layer 2 is composed of rocks of the Skajit allochthon (240 KM to 185 KM) and the schist belt (185 KM to 160 KM). The base of the Skajit (layer 2, Figure 6d ) is defined at 3-4 km depth on the basis of shallow reflection data [Wissinger et at., 1997] . We have interpreted the Skajit as a relatively thin unit with seismic velocity 6.10 :to. 10 km/s, overlying schist belt rocks in layer 3 (Figures 4 and 6 ).
In the schist belt (near 125 KM) the base of the layer 2 is defined by a variably dipping zone of discontinuous reflections ( Figure 2 ). We interpret layer 3 south of the Doonerak region as also being schist belt rocks, which lie beneath the surface exposures of the Skajit and schist belt. Reflections from 11 shots define the base oflayer 3 south of the Doonerak, corresponding to the top of the Doonerak duplex (230 KM to 135 KM) and to an unknown unit in the southern part of the range (from 135 KM to the south). The schist belt rocks in layers 2 and 3 increase in velocity from 5.60 to 6.17 and 6.42 to 6.45 (Figures 6e and 6f) .
Seismic velocities measured in situ are comparable to laboratory measurements of Skajit rocks and schist belt rocks in layer 2 (Table 2) . However, neither schist belt nor Skajit rock velocities agree with the in situ velocities measured in layer 3; the former are too low, and the latter is too high (Figures 6d-6f ). This is possibly explained as resulting from anisotropy in layer 3, as schist belt rocks exhibit anisotropy of 13 to 21 % in the depth range of layer 3 (Figure 6f and Table 2 ). Another possibility is that this region is more structurally complex than we have modeled it.
Southern Terranes
In the Rosie Creek allochthon, Angayucham terrane, and Yukon-Koyukuk basin the mean surface layer velocity is 5.10 :to.05 km/s with velocities as low as 4.09 km/s at the surface to 5.70 km/s at 2.80 km depth (Figure 4 ).
Seismic velocity in layer 2 in the Ruby terrane (100 KM to the south) is 5.60 :to. 10 km/s. Beneath layer 2 in the southern part of the range, layer 4 is a geologically unknown unit. The northern boundary of layer 4 is well delineated by a-IS km long north dipping reflector imaged beneath the Yukon-Koyukukbasin (140 KM to 125KM,Figure2). Otherwise neither the geometry nor the velocity of layer 6 are well constrained by the seismic data. We interpret the base of the layer 4 as the continuation of the basal decollement to the south
The origin and significance of the north dipping reflector at 125 KM to 140 KM at depths of 15-20 km are unclear (Figure 2) . Fuis et at. [1995] have proposed that the reflector represents the leading edge of another crustal duplex which formed during Mesozoic compression. Alternatively it could be associated with a north dipping backthrust zone internal to the schist belt and southern Doonerak duplex.
Middle and Lower Crust
Layer 6 represents the middle and lower crust beneath the Colvil1e basin and the EMA and the lower crust beneath the crystalline terranes of the southern Brooks Range. Velocities range from 6.22 to 6.58 :to.20 km/s. The crust beneath the detachment shows a slow increase in average velocity southward from the North Slope to the Brooks Range (from 6.39 to 6.55 km/s; Figure 4 ). The base of this layer forms an asymmetric crustal root, with a maximum depth of 49 km beneath the EMA at 265 KM. From the south the Moho deepens with increasing dip from 35 km beneath the Ruby terrane to 49 km beneath the EMA. From the north the Moho deepens from 36 km beneath the North Slope to 49 km beneath the EMA.
The CM!' data show a 1.0 to 2.0 s zone of reflectivity above the Moho south of the root zone (Figures 2 and 4) . A similar but thicker (-3.0 s) reflective zone is observed north of the crustal root (290 KM to 340 KM) and is offset from the southern zone by 1.5 to 2.0 s (-5.0-6.5 km). We have modeled the top of the reflective zones as two floating reflectors, one to the south of the crustal root and one to the north (Plate!). We interpret the base of each reflective zone as the Moho and the top of it (the position of the floating reflectors) as the top of the lowermost crust. The southern floating reflector is 4.0 to 5.0 km above the Moho, the northern floating reflector is 8.0 to 9.0 km above the Moho.
Mantle Velocities and Reflections
Upper mantle velocity in layer 7 is known beneath the range south of the crustal root from a limited number of Pn arrivals from two shots. Upper mantle velocities range from 7.99 to 8.12 :to.20 km/s (Figure 4 ). The velocity in mantle layer 8 is poorly constrained by transmitted Pn arrivals which turn in layer 7. The velocities in this layer range from 7.90 to 8.11 :to.20 km/s. The near-offset to wide-angle PmP phases from four shots sampling the crustal root zone show a prominent double event (Figures 2, 3d, 4a, and 7a) . We have modeled the shallower event as a PmP reflection from the Moho; we interpret the deeper event as a reflection from an interface within the mantle north of the crustal root, shown in the velocity model as the top of layer 7 north of the crustal root. A low-fold CMP section of these reflections made from three near-offset (::;35 km) shots is shown in Figure 7b . This mantle reflection zone is 1.5 to 2.0 s thick, appears to be continuous with the lower crustal reflectivity south of the crustal root, and dips to the north at about 15°. We have modeled the top of the Moho reflectivity as a floating reflector, which lies 4 to 5 km above the top of layer 7. We believe this zone of reflections is a continuation of the reflectivity above the Moho seen dipping into the root zone from the south. We interpret the reflective zone in the mantle as a slab of subducted lower crustal rocks. The geometry suggests it continental subduction zone, in which the lower crust and upper mantle seen south of the crustal root are subducted northward beneath the lithosphere under the Colville basin and North Slope. In this~nterpretation the base of the reflections represents the Moho of the descending plate. We discuss this more fully below.
Gravity Models
The Brooks Range and southern Colville basin are characterized by an asymmetric gravity low while the southern Brooks Range and Yukon-Koyukuk basin are characterized by a gravity high [Nullll et at., 1987; Grantz et at., 1991] (Figure 8 ). This positive-negative gravity couple is characteristic of many orogens. The negative anomalies correspond to anomalously thick regions of crust that are associated with the deflection of the crust-mantle boundary or crustal roots. The positive anomalies are typically generated from the subsurface loading of allochthonous material, such as obduction of oceanic crust [Kamer and Watts, 1983] . In the Brooks Range, minimum gravity anomalies are recorded beneath the EMA (-161 mOa1, 265 KM) and maximum anomalies beneath the Angayucham terrane and Yukon-Koyukuk basin (2
mGal, 175 KM). Previous work has characterized the anomalies as resulting from flexural loading of the Arctic Alaskan crust from sediment infill and obduction of crustal blocks to the south [Nunn et aI., 1987; Hawk, 1985J;  and from a southward vergence of subducted slabs beneath a rifted fragment of North America [Grantz et at., 1991J. These studies did not have seismic reflection/refraction data available to constrain the subsurface geometry. The seismic velocity model described above was used to model gravity data recorded along the trend of the seismic experiment [Grantz et al., 1991; B. Morin and J. Cady, unpublished data, personal communication, 1995J (Figure 8) . The gravity data were sampled at 5 km intervals along the Dalton Highway, the route of the seismic experiment (148°-151°west longitude, 65"-70°north latitude). Gravity values were reduced with a density of2.67 g/cm3. The complete Bouguer gravity values are accurate to 0.1 mGal. Gravity anomalies were calculated by holding the boundaries of the velocity model fixed and inverting for density values.
Starting density values were obtained from the Nafe-Drake empirical curve [Ludwig et aI., 1970J. All final density values resulting from the inversions are within the scatter associated with the datafrom which the Nafe-Drake relation was derived. The inversions also produced densities which compare well with laboratory measurements of density from hand samples (Tables 2 and 4) .
Three gravity models were computed. In the fIrSt, the layered velocity model was divided into 16 isodensity polygons, with a uniform density mantle. In the second and third models the zone of reflectivity in the mantle north of the crustal root was assigned a starting density value appropriate for intermediate or mafic lower crustal rocks. In the second model the inverted density in the lower crustal subduction zone was 2.90 g/cm3, a reasonable value for intermediate composition lower crustal rocks (Figure 8b ). The geometry of the third model was identical to the second; however, we assumed a gabbroic lower crust which undergoes at least partial phase transition to eclogite as it subducts (Figure 8c) . This model produced a subduction layer dene sity of 3.20 glcm3, not appreciably different from the mantle density in layers 7 and 8 (3.31-3.40 g/cm3). The asymmetry of the gravity minimum is largely controlled by the geometry of the crust-mantle boundary and to a lesser degree by the Doonerak duplex. The inversions are relatively insensitive to the density in the subduction layer.
Discussion
We have presented seismic velocity and gravity models which are consistent with each other, and with the seismic reflection images of the Brooks Range. Although the velocity model consists of layers in which different elements of a layer correspond to lithotectonic assemblages with different lithologies, metamorphic grades, and/or 9 deformational histories, the velocity parameterization in the layers defined above the basal detachment is dense enough to associate different seismic velocities with different assemblages. We note that direct comparison of laboratory measurements to the average velocities measured in situ is inexact unless the relative volumes of different lithologies in each unit (i.e., velocity probability density functions) are known for the different Brooks Range terranes. In most cases these are not available. In some cases the geologic mapping does not differentiate units having substantially different laboratory velocities. Without a velocity or lithology probability density function, it is difficult to construct an average assemblage velocity from the rock physics data which is meaningful at the scale sampled in the seismic experiment [e.g., Levander et at., 1994; Rudnick and Fountain, 1995J .
Whole Crustal Structure
Mean crustal velocity in the Brooks Range is 6.34 :!:0.31 km/s, comparable to, but slightly less than, both the worldwide average for continental crust of 6.45 :!:O.23km/s [Christensen and Mooney, 1995J and the average for Mesozoic-Cenozoic contractional orogenic belts of6.39 :to. 15 km/ s [Rudnick and Fountain, 1995] . Maximum crustal thickness in the Brooks Range is only slightly less than average for similar age mountain belts, being 49 km as compared to 52,4:!:l3 [Rudnick and Fountain, 1995J and is roughly 25% greater than global averages for continental crust (39 :!:8.52 km [Christensen and Mooney, 1995] ). The velocity depth profiles ( Figure 6 ) as well as the two-dimensional velocity model (plate 2 and Figure 4a ) emphasize the lateral and vertical velocity heterogeneity measured in the crust above the detachment. The steep near surface velocity gradients cause rays to turn at shallow depths relative to the whole crust (above 15 km compared to 49 km). The velocity of the subdetachment crust is close to 6.55 km/s beneath most of the Brooks Range and terranes to the south, decreasing to 6.39 km/s beneath the North Slope. These velocities are consistent with felsic to intermediate composition amphibolite and granulite facies gneisses [Rudnick and Fountain, 1995; Christensen and Mooney, 1995] .
Doonerak Duplex and Southern Metamorphic Subterranes
The Doonerak duplex is a major crustal feature -150 km long, 15 km thick, and as deep as 28 km. In our interpretation of the seismic data, its base is coincident with the master detachment over its entire length. Recognition of the master detachment is based largely upon the reflection data; there is little resolvable velocity contrast between the Doonerak duplex and the underlying rocks, i.e., between the base oflayer 5 and the top of layer 6. This is not surprising, as these pre-
Mississippian rocks originally formed the basement of the late Paleozoic-early Mesozoic Arctic Alaska passive margin. There are also a number of 5 to 15 km long, south dipping reflections imaged within the Doonerak duplex and modeled as floating reflectors. These reflections are interpreted as faults and shear zones within the duplex. Based on K-Ar and apatite fission track age dating, the duplex is believed to have formed late in the development of the range, with uplift occurring as late as 24 Ma [O 'Sullivan et al., 1996; Blythe et at., 1996] . Volumetrically, the Doonerak duplex constitutes -19% of the total Brooks Range crust and -37% of the crust above the detachment. As such, it is the largest single structure in the folded belt.
The Skajit allochthon, schist belt, and Rosie Creek allochthon are volumetrical1y small constituents of the Brooks Range folded belt, together comprising less of the range than the Doonerak duplex. Different balanced cross sections predict different volumes and configurations of schist belt rocks [Wissinger, 1995; Wissinger et ai., 1997] . The only serious disagreem~nt between the velocity model and the laboratory seismic velocity data occurs in the part ofIayer 3 interpreted as schist belt rocks. The average velocities from laboratory measurements are lower than those measured in the refraction mode1. Layer 3 has been well sampled by turning rays, therefore we conclude that (1) the highly anisotropic schist belt rocks have been sampled by the refraction experiment in the fast direction, (2) the lab samples from the schist belt do not adequately represent schist belt rocks, or (3) our interpretation of schist belts rocks comprising layer 3 is incorrect. We feel that any of these scenarios is equal1y likely.
Subdetachment Crust And Mantle
The crust below the master detachment is relatively transparent to depths of 4 to 9 Ian above the Moho. In contrast, the lowermost 4-5 Ian of the crust are highly reflective across the entire range south of the crustal root. The lower 8-9 km of the crust are highly reflective north of the crustal root. The lower crustal reflectivity exhibits a prominent 5-6 krn break at the crustal root beneath the EMA. In our refraction/wide-angle reflection modeling, we used PmP phases to determine the average middle and lower crustal velocity and north dipping Moho geometry along the southern two thirds of the profile. In the northern part of the range, PmP arrivals were used to~onstrain the asymmetric geometry of the Moho across the root zone and the structure of the subMoho structure.
The upper mantle event aligns well with the north dipping zone of Moho reflections imaged across the southern two thirds of the profile, thus forming a continuous band of reflections that extends 200 km, from 32 km depth beneath the Ruby terrane in the south to -65 km depth beneath the Colville basin. The constant thickness of the lower crustal reflective zone beneath the range south of the root and in the upper mantle argues that they form a single continuous feature. North of the root zone, this reflective zone is overlain by the shallower south dipping reflections identified as Moho. We interpret the reflections as a "double Moho" beneath the range front (Figures 2, 4 , 5i, and 7) resulting from delamination of the lowermost Brooks Range crust and the upper mantle. Seismic images from the Pyrenees and Alps also show show similar Moho offsets in the crustal root zone [Choukroune, 1989; Pfiffner et ai., 1990; ETH Working Group, 1991] ; in the Brooks Range the double Moho appears not only as a break in Moho depth, but as two distinct coherent events with different dips, one above the other.
We interpret the reflection geometry as showing that the lower crust and upper mantle to the south of the crustal root were subducted beneath the North Slope crust in an intracontinental setting or behind a continental margin. The reflective zone may then represent either an extremely sheared lower crust and/or a zone of mechanically mixed lower crustal and upper mantle rocks. We have been unable to detect a high-velocity zone at the base of the crust as the angular distribution of rays sampling the lower crust is poor and is biased toward near offsets, making velocity estimates for the lowermost crust difficult. If the intracontinental subductionhypothesis is correct, then in either case the lower crustal reflective zone is acting as a broad shear zone mechanically decoupling the lower crust and upper mantle from the crustal column above it. The reflective zone north of the root zone then likely represents deformation in the wedge of the overriding plate. The gravity and seismic data will permit either inclusion or exclusion of lower crustal rocks in the subduction zone. The age of activity of the subduction zone is unclear. Proximity suggests that subduction could be associated with the uplift and formation of the Doonerak duplex (60-25 Ma), with the formation of the duplex and lower crustal subduction possibly the upper and lower crustal responses to low-angle subduction of the Kula plate. This would remove the implied necessity of relying upon stresses transmitted through the crust over the long distance (-500 km) from the southern Alaska subduction zone to drive the Cretaceous to Cenozoic uplift of the Brooks Range.
Intracontinental subduction has been suggested by Moho asymmetry and migrated near vertical incidence data in the Alps and the Pyrenees [Holliger, 1990; ETH Working Group, 1991; Mugnier and Marthelot, 1991; Choukroune, .1989 ]. The reflective lowermost crust in the Brooks Range is roughly the same thickness as that observed in the Alps and is visually similar in complexity. We believe that the continuity of this zone beneath the North Slope shows the lower crust subducting in an intracontinental subduction zone. The upper mantle reflections appear over approximately 50 Ian, corresponding to -250-325 km2 of lower crust in the upper mantle in the profile.
An alternate interpretation of the upper mantle reflections is that they result from a pre-Brookian or Brookian ocean-continent subduction zone. Group, 1990] , and in the Trans Hudson orogen of the Canadian shield [Calvert et aI., 1995] ; however, the 4 to 5 km thic& complex seismic reflectivity pattern is unlike the reflections seen in other oceanic paleosubduction zones.
Conclusions
The seismic velocity model for the Brooks Range and surrounding terranes is based upon Pg, PmP, and limited Pn travel time observations from 42 shot points. The principal structures seen in the seismic reflection images were used in the velocity model parameterization to constrain the travel time inversion. The primary constraints utilized from the seismic reflection data are (1) the location of the basal decollement, (2) the base of the EMA at 5-6 km depth, (3) the top of the Doonerak duplex, (4) a north dipping reflector beneath the Yukon-Koyukuk basin which extends to 20 km depth, and (5) the lower crust, Moho, and upper mantle reflections. Seismic velocities in the North Slope sediments, Endicott Mountains allochthon and rocks beneath it, the Doonerak duplex, Skajit allochthon, and elements of the schist belt are well resolved in the inversion. In situ seismic velocities in the Brooks Range above the master decollement are generally in good agreement with laboratory velocities measured in northern Alaska rocks. The Doonerak duplex is the largest structural element above the basal detachment, constituting some 37% of the Brooks Range folded belt. To the west of our seismic line it is exposed in a window through the EMA, beneath our seismic line it extends to depths as great as 28 km. Large-scale thrust structures such as the Doonerak duplex have only recently been imaged seismically at crustal and lithospheric scales [Price, 1986; Green et al., 1993; Cook and Varsek, 1994, Levander et aI., 1994] . Our findings add to a growing body of evidence which links supracrustal detachments in the foreland of a fold and thrust belt to intracrustal and lower crustal detachments in the hinterland by a basal decollement.
Velocities beneath the detachment and the Moho are not well resolved, with errors of :to.20 km/s. The combination of the wide-angle and near-vertical incidence reflection data, however, provides a clear picture of an asymmetric crustal root extending to 49 km depth beneath the Endicott Mountains allochthon. The vertical-incidence and wide-angle data also provide images of a complex reflective zone directly above the Moho and of a double Moho beneath the northern Brooks Range and southern Colville basin. The northward dipping Moho and lower crustal zone of 11 reflectivity dip continuously from one end of the Brooks Range to the other (75 KM to 325 KM) and continue beneath the shallower southward dipping Moho associated with the North American cratonic rocks underlying the Colville basin and North Slope. The northern, shallower Moho extends from the northern edge of the velocity model (400 KM) to the EMA at 280 KM. The proximity of the lower crustal subduction zone to the recently (25 Ma) uplifted Doonerak duplex suggests that intracontinental subduction may have helped drive upper crustal deformation. Complex reflectivity north of the continental subduction zone is likely the result of deformation of the lower crust and upper mantle of the overriding plate.
Appendix: Model Resolution
Model parameter resolution is controlled by a number of different factors including experiment geometry, accuracy of travel time picks, model parameterization, diffraction effects which are not considered by ray theory [Williamson and Worthington, 1993] , the velocity gradients which influence raypaths and effect parameter sampling, and a priori constraints. Isolating the effects of anyone of these factors on model resolution is difficult, but once a velocity model has been parameterized, resolution of the model parameters with respect to the data may be statistically determined. Discussion of formal model resolution is given by Menke [1984] . The layering chosen for the Brooks Range velocity model was constrained by the reflection image, making independent assessment of the velocity/depth parameters difficult. Here we discuss resolution of the velocities in the crust above the detachment, the only part of the velocity model sampled by turning rays. Figure A 1 shows the diagonal of the model resolution matrix obtained from the least squares inversion of Pg arrivals for the crust above the detachment (Figures 5a and 5b) . The magnitude of each diagonal element indicates the relative degree to which individual model parameters (i.e., velocities) are resolved. Maximum resolution values of 0.6-0.75 are achieved for model parameters located in the center of the model, where ray coverage is most dense (model parameter numbers: 70-93, 125-140), while lower values (0.1~0.3) characterize parameters located on the edges of the model. -where ray coverage is densest, velocities are well resolved from the surface to approximately 20 km depth. Velocity nodes deeper than 30 km are unresolved by the Pg phase, since Pg rays do not sample these regions and are instead constrained by either PmP reflections phases or Pn phases. Tests such as those described by ZeIt and Smith [1992] , and ZeIt and White [1995] indicate that velocity uncertainties are lowest in the upper crust (:to.05 km/s) and highest in the lower crust and upper mantle where little ray coverage is available and gradients are smoother (:to.20 km/s). .q-
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